Abstract The Pennask Creek watershed in British Columbia (BC), Canada has been contaminated with acid rock drainage (ARD) and associated metal leaching (ML) as a result of highway construction. By combining existing and newly gathered information, this study determined the extent of metal contamination of the water and sediments, the potential biological impacts of this contamination, the influence of local geology, and estimated the potential risk to aquatic organisms. Surface water and sediment samples from the watershed were analyzed for general chemical parameters and trace metals. Rock samples were analyzed for mineralogy and chemical composition. Metal concentrations in water and sediments downstream of the ARD/ML source were higher than elsewhere in the watershed. Metals of concern include aluminum (Al), copper (Cu), and zinc (Zn). Analysis of historical water quality data indicated that the concentrations of these metals have decreased markedly since 2004, due to remediation efforts. Rock samples collected from the streambeds and banks were not found to be potentially acid generating, but did contain significant levels of metals. Al, Cu, and Zn levels consistently exceeded BC water and sediment quality guidelines for the protection of aquatic life, indicating that adverse biological effects are probable at stations downstream of the ARD/ML source. Benthic invertebrate monitoring over a 10-year period showed low abundance and diversity and a complete absence of sensitive taxa at downstream stations. Risk quotients indicated a likelihood of adverse biological effects for aquatic organisms, including rainbow trout, due to metal contamination in the watershed.
ARD/ML has caused significant ecological damage and resulted in multi-million dollar cleanup costs for the mining industry and governments (DeNicola and Stapleton 2002; Egiebor and Oni 2007) . Once conditions conducive to ARD/ML generation have been established, significant environmental impacts can persist for hundreds of years (BCMWLAP 2002; Grande et al. 2005; Egiebor and Oni 2007) .
The elevated concentrations of metals in the water column due to ARD/ML can be transferred to abiotic and biotic components of an ecosystem and adversely affect the health of aquatic life (Farag et al. 2007) . Metals that are absorbed by plant and animal tissue (bioaccumulation) can be passed from one organism to another through the food web, with concentrations of metal contaminants in tissue increasing with trophic level (biomagnification).
ARD is a problem most commonly associated with mining activities in Europe, Asia, Africa, and the Americas (Gray 1996; DeNicola and Stapleton 2002; Egiebor and Oni 2007; Farag et al. 2007; Trois et al. 2007; Butler 2009; Wu et al. 2009 ). However, there are cases of ARD generation due to natural processes, as well as anthropogenic activities such as airport and highway construction worldwide (Mathews and Morgan 1982; Fox et al. 1997; Orndorff and Daniels 2004; Grande et al. 2005; Todd et al. 2007 ). Pennask Creek is one such case of ARD/ML pollution due to highway construction.
This study comprehensively examines the Pennask Creek watershed ARD/ML problem and its environmental impacts. The overall aims of this study were (1) to evaluate whether highway construction alone or in combination with the background geochemical conditions is the source of the ARD/ML problem and (2) to evaluate the risk posed to aquatic life from trace metal contamination in the watershed. The study included (1) characterization of the mineralogy and chemical composition of rocks found in the Pennask Creek watershed; (2) determination of the extent of trace metal contamination in the water and sediments of the Pennask Creek watershed; and (3) determination of the biological impacts of trace metal contamination in the water and sediments of the Pennask Creek watershed. This study provides insight on the mobility and bioavailability of metal contaminants in the watershed to allow evaluation of the risk posed to aquatic organisms, including rainbow trout. This information could subsequently be applied to other fish-bearing waterways affected by ARD/ML.
Study Area
Pennask Creek is one of the most important rainbow trout (Oncorhynchus mykiss)-producing streams in British Columbia (BC), Canada (Fig. 1) . Much of the watershed is located within the BC Parks Pennask Creek Protected Area, which was set aside in 2001 to protect the spawning and rearing habitat of this significant wild rainbow trout population (BCMWLAP 2003) .
Highway 97C, which bisects the Pennask Creek watershed, was constructed from 1987 to 1990. This construction activity resulted in the exposure of a highly pyritic rock formation alongside the highway. Subsequently, these rock cuts released ARD and elevated levels of ML into Highway Creek (Morin and Hutt 2007) . Since the construction of Highway 97C, it has been found that benthic macroinvertebrate and rainbow trout populations have been negatively impacted, and that leaching of aluminum (Al), copper (Cu), and zinc (Zn) is of concern (BWP Consulting 1999 , 2000 , 2002 , 2003 , 2004 , 2005 , 2008 Morin and Hutt 2003) . With ongoing effort from the BC Ministry of Transportation and Infrastructure (MOTI), the drainage from the ARDgenerating section of Highway 97C was being treated by neutralization using limestone and also a trial system applying clinoptilolite for adsorption of metals followed by quicklime for neutralization (Li 2007) . The treated ARD was collected and removed from the site, with no drainage discharged into Highway Creek.
The Pennask Creek watershed is generally underlain by bedrock of the upper Triassic Nicola Group, which is intruded and enclosed to the north, east, and south by plutonic rocks of the Early Jurassic Pennask batholith and the Late Jurassic Osprey Lake batholith (Dawson et al. 1988) . The former Brenda Mine, a copper-molybdenum deposit, is located to the southeast of the watershed. There are four mineral showings, containing iron-bearing materials like pyrite and pyrrhotite, zinc-bearing sphalerite, arsenic-bearing arsenopyrite, and lead-bearing galena (BC Ministry of Energy, Mines and Petroleum Resources 2007) .
in each of the west and east branches of Pennask Creek (P), as well as Highway Creek (H) (Fig. 1) . Rock samples were collected only in September 2009.
Water
The water temperature, dissolved oxygen, pH, specific conductivity, and turbidity were measured in situ. Water samples for dissolved metals were field-filtered (0.45 micrometer). Samples for dissolved and total metals were preserved in the field with HNO 3 . Triplicate grab samples were collected at two of the sample stations to allow for statistical analysis of results and to ensure that representative water samples were taken. One field blank (deionized water) was also prepared. All water samples were maintained at 4°C for transport and storage.
Field pH was determined using a portable Oakton pH/°C meter (calibrated with pH 4, 7, and 10 buffer solutions as appropriate). Specific conductivity in the field was determined using a portable Oakton TDS/Conductivity/°C meter, which was calibrated with KCl. Upon return to the laboratory, pH of the unpreserved water sample was determined using a calibrated Beckman 44 pH meter and conductivity was determined and temperature corrected to 25°C using a calibrated Radiometer Copenhagen Conductivity Meter (CDM3).
The water temperature and dissolved oxygen were determined in situ with a YSI Model 58 temperature/ dissolved oxygen meter calibrated using the air saturation method. Turbidity was determined in the field with a Hach 2100P portable turbidimeter, calibrated daily.
Total alkalinity was determined in the laboratory according to Method 2320 (APHA et al. 2005) . Sulfate (SO 4 2− ) was determined using the automated barium chloride turbidimetric technique, modified from Method 4500(E) (APHA et al. 2005) .
Preserved water samples for dissolved and total metals were digested and concentrated 10× on a hot plate with HNO 3 (Method 3030E; APHA et al. 2005) . Eighteen metals were determined using a PerkinElmer Optima 7300DV inductively coupled plasma optical emission spectrometry (ICP-OES). Calibration standards were made up in the same background matrix as the field samples. The precision and accuracy of the method were determined by analyzing triplicate grab samples from two stations, a field blank, as well as analyzing a laboratory-made reference standard. The July total metal samples were also analyzed using a Varian 725-ES ICP-OES (UBC Department of Earth and Ocean Sciences). Europium (10 ppm in 2 % HNO 3 ) was used as an internal standard during analysis.
Hardness (milligram equivalent CaCO 3 per liter) was calculated from Ca and Mg as determined by ICP-OES analysis, according to the formula in APHA et al. (2005) . 
Sediment
Surface sediment grab samples (three to five per station) were collected using a stainless steel spade and mixed as composite samples. Additional composite sediment samples for toxicological testing were collected at stations P1, P4, H1, and H3 in September.
The pH of sediment samples was determined within 7 days, using a subsample of wet, whole sediment as delivered to the laboratory (Horvath 2009 ). The remainder of each sediment sample was air dried, passed through a 2-mm stainless steel sieve, disaggregated using a mortar and pestle, and then passed through a 63-μm stainless steel sieve. Fine sediments (<63 μm fraction) were then characterized for total organic carbon, loss on ignition, strong acid leachable metals (total), and weak acid extractable metals. A certified reference material, MESS-3, from the National Research Council of Canada (2000), was also analyzed for total organic carbon, loss on ignition, and metals to determine the accuracy of the method.
Sediment samples for toxicity testing were analyzed within 2 weeks of collection, as recommended by Environment Canada (2002). Particles larger than 2 mm were removed; samples were mixed thoroughly and then subsampled into seven small HDPE containers with no air space and stored at 4°C until analysis.
The total organic carbon content of the dried <63-μm sediment samples was determined using the hightemperature combustion method (5130B; APHA et al. 2005) . Loss on ignition (volatile solids) was determined on duplicate sediment samples to measure the organic matter content (APHA et al. 2005) .
Strong acid leachable metals in sediments was determined using a block digester with HNO 3 and hydrochloric acid (HCl), as described by Horvath (2009) . Weak acid extractable metals in sediments was determined by digestion at room temperature using 0.05 M HCl (Li et al. 2009 ). The precision and accuracy of these methods were determined by performing triplicate digestion and analysis of each sediment sample, as well as analyzing a method blank and digested certified reference material (MESS-3).
Rock
Rock samples (2-4) were collected from each of the eight stations (P1-P5, H1-H3). Rock samples were washed and dried, then broken into gravel-sized pieces using a 5-lb sledge hammer. A subsample of approximately 50 g was placed into a tungsten carbide sample pot, which was placed into the pulverizer (Herzog HSM 100) for 3 min. Pulverized rock samples were ground into fine powder with a corundum mortar and smeared onto a glass slide with ethanol to determine qualitative mineralogical composition.
Step-scan X-ray powder diffraction data were collected over a range of 3-80°2θ with CoKa radiation on a Bruker D8 Focus Bragg-Brentano diffractometer. Mineral identification was carried out using the International Centre for Diffraction Database PDF-4 and Search-Match software by Siemens (Bruker). The major and minor elements present in the rock samples were determined using X-ray fluorescence spectrometry as described by Calvert et al. (1985) . Lithium tetraborate glass beads (for major elements) and wax-supported powder briquettes (minor elements) were analyzed on a Philips PW-2400 wavelength-dispersive emission spectrometer, utilizing an Rh target X-ray tube.
Compilation of Historical Water Quality and Benthic Invertebrate Data
Additional historical water quality and benthic invertebrate data (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) from Highway Creek and Pennask Creek were provided by MOTI.
Historic water pH, specific conductivity, dissolved Al, and total Cu, Mn, Ni, and Zn data were compiled from stations H1, H2, H3, and P4. Historical benthic invertebrate data from 2000 to 2009 were compiled and used to calculate the total taxa abundance and diversity. In 2008 and 2009 only, genus levels were identified for invertebrates from the orders Ephemeroptera, Plecoptera, and Trichoptera (EPT). Therefore, EPT diversity and EPT abundance relative to total benthic invertebrate abundance were determined for these 2 years only.
Microtox™ Solid Phase Toxicity Test
The Microtox™ Solid Phase Test (SPT) was used to measure the toxicity of whole sediment with luminescent bacteria Vibrio fischeri using the IC 50 endpoint (Environment Canada 2002) . The reference sediment (MESS-3) was analyzed six times to ensure method precision.
Statistical Analysis
Statistical analyses were conducted with S-Plus 8.0. Censored data (data below analytical detection limits) were replaced with the value of half the detection limit for statistical analyses. To test for a difference between July and September samples, data were compared using the Wilcoxon signed-rank test (also known as the Wilcoxon matched pairs test) and arranged as paired observations by station. July and September samples were considered to differ significantly if the p value was small (≤0.05).
Results and Discussion
No significant differences were observed for several metals (As, Ba, Be, B, Cd, Ca, Co, Fe, Pb, Mg, Mn, Mo, Ni, Se, and Tl) in water or sediment between sample stations downstream of the ARD-ML source for stations with significant impact (H2, H3, P4, P5) and reference stations without significant impact (H1, P1, P2, P3). Therefore, only those metals with significant differences, namely Al, Cu, and Zn, will be presented in this paper. No significant difference (p>0.05) was found between July and September samples for any water or sediment analyte presented here. Therefore, for ease of presentation, July and September data are averaged and presented as a single value. General water chemistry and sediment characteristics are presented in Table 1 .
Water
The bold water chemistry values in Table 1 are those greater than the BC water quality guidelines (BCMOE 2006) . The drop in pH at stations H2 and H3 (<6.5 and outside the acceptable range for the protection of aquatic life in BC freshwaters) is indicative of ARD entering Highway Creek downstream of the ARD source. The drop in total alkalinity at station H3 (8.6 mg/L CaCO 3 ) indicates that the acidity entering Highway Creek from the ARD source is being neutralized by the alkalinity of the stream water. Beginning at station P4 (downstream of the confluence of Highway Creek and Pennask Creek), the alkalinity and pH return to background levels; this is likely a result of dilution of the affected Highway Creek water with the unaffected water from Pennask Creek. Hardness values were elevated at sample stations in both Highway and Pennask Creeks, downstream of the ARD source (H2, H3, P4, and P5), which may be due to the input of ions from the ARD source. Conductivity values follow a similar spatial trend to that of pH and alkalinity, with values at stations downstream of the ARD source being higher than those upstream. Stations H2, H3, and P4 show particularly elevated conductivity values (>100 μS/cm), compared to background levels (<100 μS/cm). Since conductivity is affected by the presence of inorganic dissolved solids such as sulfate and metal ions, the elevated values at stations H2, H3, and P4 indicate a potential discharge of ARD into Highway Creek. Sulfate is produced during the oxidation of sulfide minerals and so is directly related to ARD production. It is unaffected by sorption processes or precipitation and is therefore an excellent indicator for ARD-affected waters (Gray 1996) . Station H3 had the highest sulfate concentration (85.6 mg/L), indicating a discharge of ARD into Highway Creek. Downstream of the confluence with Pennask Creek, sulfate values return to background levels due to dilution. Turbidity values were elevated at stations H2 and H3 (>2.5 NTU), with values elsewhere in the watershed <1.0 NTU, indicating discharge of suspended materials into Highway Creek downstream of the ARD source.
The spatial trends among stations for Al, Cu, and Zn in the surface water are illustrated in Fig. 2a . Concentrations of these three metals were higher in the water of Highway Creek downstream of Highway 97C (stations H2 and H3), than in Pennask Creek. The BC water quality guideline for dissolved Al (ranging from 66 to 100 μg/L, depending on pH) is exceeded at stations H2, H3, P2, and P4. The BC water quality guideline for total Cu (ranging from 3.9 to 7.8 μg/L, depending on hardness) is exceeded at all stations. The BC water quality guideline for total Zn (33 μg/L for all stations) is exceeded at stations H2 and H3.
The concentration of metals, including Al, Cu, and Zn, in Highway Creek downstream of Highway 97C (stations H2 and H3) was higher than in Pennask Creek. These results indicate that ARD continues to enter Highway Creek despite the treatment and containment measures being undertaken, perhaps through groundwater seeps.
Al concentrations at stations H2 and H3 were one to two orders of magnitude greater than background levels. The Al concentration returned to background levels at the outflow into Pennask Lake (station P5). As Al-containing ARD enters an uncontaminated stream with neutralizing capacity (such as Highway Creek and Pennask Creek), its pH increases rapidly and the solubility of Al decreases. This results in precipitation of aluminum oxides and hydroxides (Brake et al. 2001 ) and a decrease in dissolved Al concentration downstream. A white Al-rich precipitate was visible as both froth on the water surface and a coating on the channel bottom in Highway Creek. Cu concentrations at stations H2 and H3 were elevated approximately twofold above background levels. Once the flow of Highway Creek enters Pennask Creek, dilution occurs and the Cu concentration returns to background level by station P4.
Zinc was detected at stations H2 and H3, with concentrations approximately two times greater at H3 than H2. All other stations had Zn concentrations at least one order of magnitude lower than H2 and H3.
Al, Cu, and Zn concentrations remain elevated in Pennask Creek downstream of the confluence with Highway Creek (station P4). The increased water volume after this confluence dilutes the metal contamination in the water column, and levels return to background before the outflow into Pennask Lake (station P5).
Sediment
The pH, fine fractions, and organic contents of the sediment samples are presented in Table 1 . The spatial trends among stations for Al, Cu, and Zn in the stream sediment are illustrated in Fig. 2b . Concentrations of these three metals were higher in the sediment of Highway Creek downstream of Highway 97C (stations H2 and H3), than in Pennask Creek. Al, Cu, and Zn concentrations remain elevated in Pennask Creek sediment downstream of the confluence with Highway Creek (station P4). Al and Cu in sediment return to background levels at the outflow into Pennask Lake (station P5), while Zn remains elevated in the sediment at this location.
There is no BC or Canadian sediment quality guideline for Al. The BC interim sediment quality guideline (ISQG) for Cu (35.7 mg/kg, dry weight) was exceeded at stations H1, H2, H3, and P4. The BC ISQG and the probable effects level (PEL) for Zn (123 and 315 mg/kg, dry weight, respectively) were exceeded at stations H1, H2, H3, P4, and P5. Figure 3 illustrates the proportion of total sediment Al, Cu, and Zn content (strong acid leachable) that is weak acid extractable for stations H2 and H3 (downstream of Highway 97C), compared to station P1 (upstream of Highway 97C). The extractable fraction could be considered the potentially bioavailable fraction. For Al, Cu, and Zn, the proportions are higher at stations H2 and H3 than at P1.
The pH of sediment samples ranged from 5.5 to 6.5, with values lowest at stations H2 and H3, indicating potential effects due to ARD. Sediment total Al and Cu contents were elevated at H2 and H3, indicating an enrichment from the ARD source. Downstream of the confluence with Pennask Creek, the total Al content returned to background level, while Cu remained elevated at station P4. Total Ni and Zn are elevated at all stations in Highway Creek (H1, H2, and H3) and remain elevated at P4. At station P5, only total Zn content remained elevated above background level. This indicates Zn contamination of sediments in Pennask Creek due to contamination from the ARD source at Highway 97C persisting a great distance downstream. Stream dynamics such as flow rates, particle size association with Zn, and biogeochemistry could be contributing factors. To elucidate this, further study is required.
Mineralogical and Chemical Composition of Rock
The results of the qualitative X-ray diffraction (XRD) analyses indicate that the rock samples collected from the streambed and banks of the Pennask Creek watershed are made up mainly of quartz and plagioclase. The only sulfide mineral present in any of the samples is pyrite (FeS 2 ), and this is present in only in a small amount at station H3. It is therefore unlikely that the rocks sampled in the Pennask Creek watershed are contributing to the ARD problem since there is a lack of sulfide minerals in the rocks.
Evidence that minerals around Pennask Mountain, in the upper southern portion of the Pennask Creek watershed, contain elevated levels of Au, Ag, Cu, Pb, and Zn along with sulfide minerals have been reported (MEMPR 2007) . Therefore, the headwaters of the watershed contain minerals that can generate acidity, lower the pH of surface runoff and/or groundwater, and cause the release of metals from these rocks and others in the area (Morin and Hutt 2003) . Grunenberg and Tomlinson (2001) studied the rock cuts along Highway 97C, to the east of Highway Creek. They reported that the rock cuts were made up mainly of silica and aluminosilicate minerals, which support the findings of the geological analyses carried out in this study. However, Grunenberg and Tomlinson (2001) also found pyrite to be common in the sedimentary rocks of the rock cuts, occurring as microbedding, very fine-grained disseminations, and secondary fracture fillings. Rock samples were subjected to acid-base accounting and were found to contain sulfide levels great enough (up to approximately 4 % by weight) to generate acidity. The neutralization potential of these samples was relatively low (average of 3.5 kg CaCO 3 /t), resulting in all samples being net acid generating. The authors also found that metals (such as Cu) were not associated with the sulfide minerals but with other minerals, and therefore, leaching of these metals would occur due to the acidic drainage rather than the oxidation of pyrite itself.
As the acid drainage produced by the rocks in the headwaters and the rock cuts along the highway travels towards and through the Pennask Creek watershed, it has the potential to leach metals from the surrounding rocks, soils, and sediments. Results from XRF chemical analysis of the rocks sampled in this study provide a glimpse into the availability of such metals for leaching. Si was the most plentiful element (29.6 % by weight), corresponding to the high levels of quartz and plagioclase in the samples, as seen in the XRD results. Al was present at approximately 7.8 % by weight, while trace elements, including Cu, Mn, Ni, and Zn, were also present in several rock samples in significant concentrations. Cu was found at >100 ppm in rock samples from station P3, as well as samples from H2 and H3, with a mean value of 59 ppm for all rock samples. This high Cu content might explain the elevated Cu found in the water and sediment samples throughout the Pennask Creek watershed. The Mn content of rock samples was greatest at station P4 (>2,000 ppm), with stations H2, H3, P1, and P3 all containing >1,000 ppm Mn. Ni was found at levels >100 ppm at stations H2, P2, and P4. Zn was highest at stations P4 and H1 (>200 ppm) and at levels >100 ppm at stations H2, H3, P1, and P3. These results indicate considerable levels of the same metals found at elevated levels in the water and sediments of the Pennask Creek watershed, suggesting the potential for metal leaching to occur as a result of acid generation from the highway rock cuts for many years to come.
Historical Trends in Water Quality
Historical pH and conductivity data for stations H2 and H3 show a marked improvement from pretreatment years along with MESS-3, a certified reference material. MESS-3 is a contaminated marine sediment and was found to be toxic to the V. fischeri bacteria. According to the interpretation guidelines outlined by Environment Canada (2002), if a test sediment has >20 % fines (<63 μm), it is considered to be toxic if the IC 50 is <1,000 mg/L. The IC 50 values for H1 and H3 are 93,086 and 3,842 mg/L, respectively. Their IC 50 values are >1,000 mg/L and therefore neither of these stations are considered to be toxic to the luminescent bacteria V. fischeri. Although the Microtox™ SPT interpretation for H3 is "not toxic," the mean IC 50 of H3 is 24 times lower than that of H1. It is the most highly contaminated station and resulted in the lowest IC 50 value. This indicates that it had the most significant inhibitory effect on V. fischeri.
Biological Impacts

Benthic Macroinvertebrate Monitoring
Benthic macroinvertebrate monitoring provides a good indicator of environmental quality. Such organisms are good indicators of localized conditions because they generally have limited (if any) migration patterns. Benthic macroinvertebrate assemblages are made up of species that constitute a broad range of trophic levels and pollution tolerances, thus providing strong information for interpreting cumulative effects. These organisms serve as a primary food source for fish, including rainbow trout, and as such provide a good indication of the quality of fish habitat in the Pennask Creek watershed.
Historical benthic macroinvertebrate data show that, in general, the abundance and diversity of macroinvertebrates living in the Pennask Creek watershed is relatively consistent between the years 2000 and 2009. The total number (abundance) of benthic macroinvertebrates captured at stations H1, H2, H3, and P4 from 2000 to 2009 is illustrated in Fig. 6 . Total abundance is an order of magnitude lower at stations downstream of the Highway 97C ARD source (H2 and H3) compared to the upstream station on Highway Creek (H1). The total abundance downstream of the confluence of Highway and Pennask Creeks (station P4) is approximately half that of H1, but it is still an order of magnitude greater than that of H2 and H3. In comparison, the median total abundance at station P5, which is not shown on Fig. 6 due to the difference in scale, is 988, more than 10 times greater than that at H1. Station P5 is located a great distance from the confluence of Highway and Pennask Creeks, with good water quality and reduced canopy cover, allowing for more sunlight reaching the creek and a subsequent greater abundance of aquatic macrophytes and benthic invertebrates. The low abundance at stations H2 and H3 is likely due to the low habitat quality, including poor water and sediment quality, along with considerable mineral deposits coating the stream substrate.
The total number of taxa provides a measure of the diversity of a benthic macroinvertebrate community and is typically inversely related to impairment of water quality. Due to the variability in taxonomic identification methods employed by those collecting the historical data, only the total number of orders could be compiled, rather than a more detailed assessment of families, species, or genera. The total number of benthic macroinvertebrate taxa (orders) captured at stations H1, H2, H3, P4, and P5 from 2000 to 2009 is illustrated in Fig. 6 . The diversity at stations H2 and H3 is less than half that found at H1, suggesting poorer habitat quality at these stations. The diversity at station P4 is similar to that at H1, with diversity at P5 greater still, suggesting better quality habitat with increasing distance downstream of the confluence of Highway and Pennask Creeks. The total number of taxa in the orders EPT within a benthic macroinvertebrate community is directly related to water quality, since these species are generally sensitive to poor water quality. The total number of EPT taxa was calculated for 2008 and 2009 data, since the organisms were identified to a genus level in these years only. Figure 7 illustrates a complete absence of EPT taxa at station H3 in both 2008 and 2009, indicating poor aquatic habitat. Station H2 had an absence of EPT taxa in 2008, but a reasonable number in 2009, indicating a possible improvement in habitat quality and a re-colonization of this location by these organisms. The total number of EPT taxa is highest at station P5, followed by H1 and P4, indicating good aquatic habitat at these locations.
The abundance of EPT organisms relative to the total abundance of benthic invertebrates (as a percentage) is a measure of community composition that is related to Consulting 2000 Consulting , 2002 Consulting , 2003 Consulting , 2004 Consulting , 2005 Consulting , 2006 Consulting , 2007 Consulting , 2008 Consulting , 2009 ) (max-median-min, n=9, 6, 10, 10, and 9 for H1, H2, H3, P4, and P5, respectively) habitat quality. Relative, rather than absolute, abundance is used because the relative contribution of individuals to the total fauna is more informative than abundance alone (Plafkin et al. 1989) . As the percentage of EPT organisms in a community increases, this can signal an improvement in habitat quality. However, a healthy and stable assemblage of benthic macroinvertebrates will be relatively consistent in its proportional representation, though individual abundances may vary (Plafkin et al. 1989 ). The relative abundance of EPT organisms for the Pennask Creek watershed is presented in Table 3 . The percentages for stations P4 and P5 are relatively consistent from year to year (range=74 to 97 % and 19 to 55 %, respectively), indicating healthy and stable benthic invertebrate communities. Relative EPT abundance at station H1 is variable from year to year (range=35 to 85 %), indicating an unstable benthic invertebrate community. This is likely due to perturbations of this section of Highway Creek during remediation efforts over the years. The relative EPT abundance values for stations H2 and H3 are difficult to interpret due to the low total abundance at these stations each year (<10 in all years for H3 and all years except 2009 for H2). Overall, the abundance of benthic macroinvertebrates present in Highway Creek downstream of Highway 97C is low, indicating poor habitat quality. The abundance and diversity increases in Pennask Creek with distance from the Highway Creek confluence, signifying a gradual improvement in aquatic habitat quality with distance from the ARD source. The benthic macroinvertebrate community at station P5 (located a great distance from the confluence of Highway and Pennask Creeks) appears to be healthy and stable, providing an abundant food source for fish in the area.
Comparison to Water Quality Guidelines and Toxicity Literature
Water quality data at one or more stations exceeded BC water quality guidelines for the protection of freshwater aquatic life for pH, dissolved Al, total Cu, and total Zn. Accordingly, the discussion here will focus on these parameters and the potential biological impacts posed by levels observed in the watershed.
For pH, a range of 6.5 to 9.0 is acceptable according to the BC guidelines. Stations H2 and H3 exhibited pH values below this range. Weiner et al. (1986) defined the critical pH for rainbow trout as 5.5 because below this level, reproductive success is compromised. In general, aquatic insects have a high toxicological tolerance to low pH values; however, they do exhibit pH avoidance behaviors that may govern their distribution (BCMOE 1991) . It is therefore unlikely that the pH values seen at H2 and H3, alone, would be detrimental to aquatic life.
The BC water quality guideline for dissolved Al is 100 μg/L when pH is ≥6.5 and is lower at pH values <6.5. The guideline value is exceeded at stations H2, H3, and P4, which are all downstream of the ARD source. Driscoll et al. (1980) reported that surges of dissolved Al into streams during periods of snowmelt and heavy rainfall (when pH is low) are potentially lethal to fish eggs and fry. Witters et al. (1996) showed that trout experience acute respiratory dysfunction and mortality (98 %) in areas where acidic waters mix with neutral waters, at a pH of 6.4 and Al concentration of 76 μg/L, due to the rapid precipitation of Al hydroxides. Similar conditions to those seen in these two studies are present in Highway Creek, at stations H2 and H3, indicating a very high potential toxicity to fish in this area of the watershed. The visible presence of a white precipitate in sediments and on the water surface in Highway Creek also provides evidence of Al precipitation.
The BC water quality guideline for total Cu is hardness dependent and ranges from 3.66 to 10.3 μg/L, with a mean of 5.6 μg/L in the Pennask Creek watershed. Total Cu at all stations exceeded the applicable guideline, indicating a high natural background level of Cu in the watershed, likely due to elevated Cu content in local rocks and soils. Cu concentrations at stations H2 and H3 were approximately two times greater than the background level. The Cu concentrations present in the watershed are at sublethal levels for fish and may be expected to affect swimming performance, growth rates, immunity, membrane permeability of gills (Barry et al. 2000) , and olfactory response (Baldwin et al. 2003; McIntyre et al. 2008) . For salmonids, olfactory cues convey important information regarding habitat quality, predators, mates, and the fishes' natal stream (Baldwin et al. 2003) . Therefore, impairment is likely to adversely affect survival and reproductive success. McIntyre et al. (2008) reported that a 30-min exposure to a dissolved Cu concentration of 20 μg/L caused an 82 % reduction in olfactory response of salmonids. Dissolved Cu concentrations at stations H2 and H3 were ≥20 μg/L, indicating potential sublethal effects to fish.
The BC water quality guideline for total Zn concentration is also hardness dependent. However, at all stations in the Pennask Creek watershed, hardness is ≤90 mg/L CaCO 3 , so the applicable guideline is 33 μg/L. This guideline value is based on a 96-h LC 50 of 66 μg/L for rainbow trout (with a safety factor of 0.5) and should be protective of acute and lethal effects (BCMOE 1981) . Zn concentrations at stations H2 and H3 were approximately 7 to 22 times greater than the guideline value. The total Zn concentrations seen at H2 and H3 are 3 to 11 times greater than the 96-h LC 50 for rainbow and consequently are likely to be lethal to rainbow trout. Sublethal affects may occur downstream of the confluence of Highway and Pennask Creeks (near station P4), including avoidance behavior at concentrations ≥5.6 μg/L (Sorensen 1991) .
Toxicity thresholds, which are used to establish water quality criteria, are generally investigated without consideration of other contaminants present within the mixture. In reality, interactions between metal species can influence the toxicity of a chemical mixture.
Mixtures of Cu and Zn were demonstrated to cause both additive and synergistic toxicities in exposure studies utilizing rainbow trout, depending on water hardness (Sorensen 1991; Todd et al. 2007) . It is therefore likely that the toxicity due to metal contamination of the Pennask Creek watershed is greater than that predicted through consideration of each metal individually.
Comparison to Sediment Quality Guidelines and Toxicity Literature
Sediment quality data at one or more stations exceeded BC sediment quality guidelines for the protection of freshwater aquatic life for several metals, including Cu and Zn. Accordingly, the discussion here will focus on these metals and the potential biological impacts posed by levels observed in the watershed. All metal content values are presented on a dry weight basis.
The ISQG value for Cu is 35.7 mg/kg and the PEL is 197 mg/kg. Stations H1, H2, H3, and P4 exceeded the ISQG with values ranging between 40.3 and 210.4 mg/kg. Station H2 also exceeded the PEL for Cu in July. These results indicate that the sediments are enriched in Cu downstream of the Highway 97C ARD/ML source, with values at H2 and H3 indicating a significant potential for causing adverse biological effects. Adverse biological effects from Cu exposure include decreased benthic invertebrate diversity and abundance and increased mortality and behavioral changes in aquatic organisms (CCME 1999a). Cu associated with sediment fractions that exhibit cation exchange capacity or that are easily reducible is considered to be the most readily bioavailable (Campbell and Tessier 1996) . In this study, it was determined that the easily extractable (and potentially most bioavailable) fraction is 26 % of the total Cu 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 2009 (station P5) . Since many of the sediment Zn contents exceed the PEL, adverse biological effects are likely to be experienced by aquatic biota in the Pennask Creek watershed. Adverse biological effects due to exposure to Zn in the sediments may include decreased biological diversity and abundance and increased mortality and behavioral changes (CCME 1999b). Zn has a strong affinity for Fe and Mn oxides and organic matter, resulting in its deposition in sediments associated with these materials (Campbell and Tessier 1996) . As for Cu, Zn associated with sediment fractions that have a high cation exchange capacity and that are easily reducible, is most bioavailable. In this study, it was determined that the easily extractable (and potentially most bioavailable) fraction is 27 % of the total Zn content, on average, with higher percentages (30-34 %) at stations downstream of the Highway 97C ARD source. At stations H2, H3, and P4, the extractable Zn content is greater than the ISQG. This indicates that there is very likely a sufficient level of bioavailable Zn for adverse biological effects to occur in organisms living in these areas.
Estimation of Risk Posed to Rainbow Trout
Problem Formulation and Exposure Assessment
The key receptor of concern in the Pennask Creek watershed is the rainbow trout (O. mykiss). The contaminants of potential concern are Al, Cu, and Zn. These metals originate from the ARD/ML generation along Highway 97C and enter Highway Creek, which flows into Pennask Creek. Once these metals are in the water column of the creeks, fish are exposed through direct ingestion, ventilation, and direct skin contact. These metals also partition into the stream sediments, where they may be remobilized into the water column or taken up by benthic macroinvertebrates. Fish ingest these contaminated invertebrates as a food source and may also be exposed to the metals through this pathway. A conceptual site model is presented in Fig. 8 to illustrate how the contaminants of concern (Al, Cu, and Zn) could potentially move through the environment to the receptor of concern (rainbow trout).
Risk Calculation and Characterization
To assess the theoretical relative risk posed by an environmental contaminant to an aquatic organism, calculation of risk quotients (RQ) is commonly applied (CCME 1996; BCMELP 1998; Todd et al. 2007; Mortula et al. 2009 ). This calculation is defined by the following formula:
where RQ = risk quotient, EEC = estimated environmental concentration of contaminant, and TRV = toxicity reference value. An RQ value >1 indicates potential risk to the organism, while an RQ of <1 indicates minimal risk to the organism from that contaminant. For this study, two sets of TRVs were utilized. RQ values were calculated using TRVs equivalent to the BC water quality guidelines for the protection of aquatic life, which should be protective of all sensitive aquatic species present in the Pennask Creek watershed. Secondly, TRVs established from the literature that are specific to the main receptor of concern, rainbow trout, were also used to calculate RQs specific to this species. RQs were calculated for each sample station in the Pennask Creek watershed using the mean metal concentrations present in water samples and are presented in Table 4 .
The RQ values calculated using the conservative BC water quality guidelines suggest that Cu poses a potential risk to aquatic organisms at all stations in the Pennask Creek watershed, Al poses a potential risk at stations downstream of the ARD source, and Zn poses a potential risk at stations in Highway Creek downstream of the ARD source. Caution must be exercised when interpreting the RQ values for Cu because there is a high background level of this metal in the watershed. P4 is the only station where the RQ for Cu is considerably greater than that at the background stations (H1, P1, P2, and P3). The RQ values calculated using the BC water quality guidelines may overestimate the risk posed to aquatic life in Pennask Creek because the TRVs utilized are designed to be protective of the most sensitive species, which may or may not be present in the watershed. However, there is also the potential for an underestimation of risk due to exposure to a mixture of contaminants because the RQ values only represent individual contaminant exposures.
When the results of the RQ calculations using BC water quality guidelines are interpreted alongside the compiled benthic invertebrate data (BWP Consulting 2000, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 2009) (Fig. 7) . Since EPT organisms are considered to be very sensitive to poor water quality, these findings support the high RQ values for these two stations.
The RQ values calculated using the rainbow troutspecific TRVs suggest that Al and Zn pose a potential risk to this species at stations downstream of the ARD source, while the RQ for Cu at station P4 is close to 1, indicating an uncertain risk estimate and a need for further information. These species-specific RQs are likely to be more accurate predictors of the risk posed to rainbow trout by metals in the Pennask Creek watershed. However, it is also important to note that RQ calculations identify the relative risks from single metal exposure, while the organisms in the Pennask Creek watershed are exposed to a mixture of metals and thus a risk that may be cumulative. As such, the actual risk to rainbow trout due to ARD/ML contamination may be underestimated by this simplified assessment.
As in any scientific study, uncertainty exists in this estimation. These uncertainties arise from natural variability in environmental processes, sampling methods, analytical techniques, assumptions regarding TRVs, as well as uncertainty associated with the use of the risk quotient method. Overall, aquatic organisms are likely to experience a moderate level of risk at stations H2 and H3 due to Al and Zn contamination and at station P4 due to Al and Cu contamination. Rainbow trout are likely to experience a moderate level of risk due to Al and Zn contamination in the Pennask Creek watershed.
Conclusions
Extent of Trace Metal Contamination in Water and Sediments
Metal concentrations in the water and sediments of Highway Creek (particularly downstream of Highway 97C) are higher than those in Pennask Creek. Concentrations of Al, Cu, Mn, Ni, and Zn in water samples are elevated above background levels in Highway Creek downstream of the highway, but generally decrease downstream of the confluence with Pennask Creek and return to background levels before Pennask Creek flows into Pennask Lake. The concentrations of these metals have also decreased markedly since 2004, due to remediation efforts by MOTI. The Al and Cu contents of sediment samples show a similar spatial trend to that of the water samples, with elevated levels in Highway Creek decreasing downstream. The sediment Zn content, however, remains elevated near the outflow of Pennask Creek into Pennask Lake. Results of water and sediment analyses indicate that Al, Cu, and Zn are the main metals of concern in the Pennask Creek watershed.
Biological Impacts of Trace Metal Contamination
The abundance and diversity of benthic macroinvertebrates present in Highway Creek downstream of Highway 97C is low, indicating poor habitat quality. The abundance and diversity increases in Pennask Creek with distance from the Highway Creek confluence, signifying a gradual improvement in habitat quality with distance from the ARD source. The benthic macroinvertebrate community near the outflow of Pennask Creek into Pennask Lake appears to be healthy and stable, providing a good food source for fish in the area.
Al, Cu, and Zn concentrations in the water column at stations in Highway Creek, downstream of Highway 97C, are of concern in terms of potential adverse biological impacts. At the concentrations seen in this study, it is possible that Al contamination could impact survival and reproduction of rainbow trout, while Cu and Zn contamination could cause sublethal effects to this species. Sediment Cu and Zn contents at stations in Highway Creek and Pennask Creek, downstream of Highway 97C, indicate a likelihood of adverse biological effects including decreased benthic invertebrate abundance and diversity and increased mortality and behavioral changes in aquatic organisms. The sediment Zn contents seen in this study are alarming since the easily extractable and bioavailable portion of the total Zn content exceeds the PEL at all stations in Highway Creek and in Pennask Creek as far downstream as the outflow. This indicates a high likelihood of adverse biological effects due to Zn contamination of the sediments.
Impact of Highway 97C Construction and Local Geology
Rock samples collected from the stream beds and banks of Highway Creek and Pennask Creek were not found to contain minerals that indicate acid-generating potential through XRD analysis. These rock samples contained significant levels of Al, Cu, Mn, Ni, and Zn and therefore may provide a source of metals that could continue to be leached into the watershed under acidic conditions for many years to come.
Estimation of Risk to Aquatic Organisms
To estimate the ecological risk posed by metal contamination in the Pennask Creek watershed, several lines of evidence were considered. Al, Cu, and Zn levels in the water and sediments consistently exceeded BC guideline values for the protection of aquatic life. When data from this study are compared to toxicology literature, adverse biological effects appear to be likely at stations downstream of the ARD/ML source due to metal contamination. Benthic invertebrate monitoring over a 10-year period reveals low abundance and diversity, as well as the complete absence of sensitive taxa at stations downstream of the Highway 97C ARD/ML source. Calculated RQs also indicate a likelihood of risk to aquatic organisms and specifically rainbow trout due to Al and Zn contamination of the water column in Highway Creek downstream of the ARD/ML source. Overall, the risk estimate for aquatic organisms (including rainbow trout) in the Pennask Creek watershed due to metal contamination is moderate.
